SUMMARY
INTRODUCTION
Although many forms of long-lasting synaptic plasticity arise from the actions of Ca 2+ within the postsynaptic neuron, in no case have the Ca 2+ requirements for long-term plasticity been defined precisely (Augustine et al., 2003; Malenka and Bear, 2004) . This question is of importance for understanding the mechanisms involved in synaptic plasticity, specifically how a postsynaptic Ca 2+ signal is transduced into a long-lasting change in synaptic trans-
mission. An understanding of the Ca 2+ signals for longterm plasticity also is needed to explain how opposing forms of plasticity, such as long-term potentiation (LTP) and long-term depression (LTD), can both result from Ca 2+ signals in the same postsynaptic neuron (Neveu and Zucker, 1996; Malenka and Bear, 2004; Coesmans et al., 2004; Nevian and Sakmann, 2006) . This was first proposed to reflect a difference in postsynaptic Ca 2+ requirements, with LTD induced by lower Ca 2+ levels than LTP (Lisman, 1989; Artola and Singer, 1993) , consistent with the Bienenstock-Cooper-Munro (BCM) rule of synaptic plasticity (Bienenstock et al., 1982) . However, it is now thought that LTP and LTD result from different temporal patterns of [Ca 2+ ] i elevation (Yang et al., 1999) and/or different requirements for other signals generated by synaptic activity (Nevian and Sakmann, 2006 ). Here we have examined the Ca 2+ requirements for cerebellar LTD. This form of long-term synaptic plasticity arises when excitatory parallel fiber (PF) and climbing fiber (CF) inputs of Purkinje cells are activated concurrently (Linden, 1994; Ito, 2001) . Many lines of evidence indicate that LTD arises from a transient rise in [Ca 2+ ] i in the postsynaptic Purkinje cell (Sakurai, 1990; Linden et al., 1991; Cré pel and Jaillard, 1991; Konnerth et al., 1992; Shibuki and Okada, 1992; Kasono and Hirano, 1994; Lev-Ram et al., 1997; Miyata et al., 2000; Wang et al., 2000a) . However the precise magnitude and duration of the Ca 2+ signals required for LTD induction are not yet clear and may even follow a reversed BCM rule (Coesmans et al., 2004) . To define these fundamental characteristics of LTD, we have used local uncaging to precisely control the amount and duration of Ca 2+ elevation. With this approach, we found that the magnitude of LTD is determined by the level of [Ca 2+ ] i , with LTD being triggered by Ca 2+ in a highly cooperative manner. Further, the level of [Ca 2+ ] i required to induce LTD is dynamically regulated according to the duration of [Ca 2+ ] i elevation, indicating leaky integrator behavior. These properties are important for explaining how LTD is selectively induced by specific patterns of synaptic activity. A computational model based on a positive-feedback signal transduction cycle (Kuroda et al., 2001 ) is capable of reproducing these emergent properties of LTD, suggesting that such interactions between signal transduction molecules underlie the triggering of LTD by postsynaptic Ca
2+
.
RESULTS

DMNPE-4 Photolysis Locally Elevates [Ca
2+
] i The goal of our experiments was to raise postsynaptic [Ca 2+ ] i and observe the resulting changes in PF synaptic transmission. [Ca 2+ ] i was elevated by using UV light to photolyze the caged Ca 2+ compound, DMNPE-4 (EllisDavies, 1998). Upon photolysis, this compound undergoes a large drop in Ca 2+ affinity that yields a rise in free [Ca 2+ ] i (Ellis-Davies and Barsotti, 2006) . DMNPE-4 (10 mM) was dialyzed into voltage-clamped Purkinje cells for at least 30 min to allow time for dendritic diffusion. In our initial paradigm, DMNPE-4 was uncaged with brief (5 ms duration) UV light pulses, and the resultant rises in free [Ca 2+ ] i were monitored with the high-affinity indicator dye, Oregon Green 488 BAPTA-1 (K d of 0.17 mM). The DMNPE-4 was photolyzed with a spot of UV light 5-10 mm in diameter (Wang and Augustine, 1995) . When this light spot was focused on a distal region of a Purkinje cell, over fine dendrites, a localized rise in [Ca 2+ ] i was produced ( Figure 1A ). Three lines of evidence indicate that this increase in the fluorescence of the Ca 2+ indicator dye arose specifically from light-induced release of Ca 2+ from photolyzed DMNPE-4. First, including the Ca 2+ chelator, BAPTA, in the intracellular solution along with the DMNPE-4 prevented the light-induced signal (data not shown), indicating that it was a genuine rise in [Ca 2+ ] i . Second, UV illumination of Purkinje cells that were not dialyzed with DMNPE-4 did not cause any changes in [Ca 2+ ] i .
Third, UV illumination also had no effect on cell input resistance or holding current. This indicates that the rise in [Ca 2+ ] i was genuine and not caused by phototoxicity. The rise in [Ca 2+ ] i produced by uncaging DMNPE-4 was transient ( Figure 1B ). [Ca 2+ ] i was maximal immediately after UV exposure (within the 33 ms image acquisition time) and then rapidly returned to the resting level. The time constant for decay of the rise in [Ca 2+ ] i was 90 ± 17 ms (n = 3). This rapid decline in [Ca 2+ ] i presumably was due to removal of Ca 2+ from the site of photolysis, such as by the action of Ca 2+ pumps on plasma membrane and endoplasmic reticulum, although sequestration by Ca 2+ -binding proteins and Ca 2+ -free DMNPE-4 may also contribute (Fierro et al., 1998; Maeda et al., 1999; Schmidt et al., 2003; Sepú lveda et al., 2004) . We next quantified the size of this region of elevated [Ca 2+ ] i by measuring [Ca 2+ ] i along the length of a dendrite ( Figure 1C ). The spatial range of [Ca 2+ ] i elevation could be described by a Gaussian function with a peak at the center of uncaging spot and a half-width of 7.9 ± 2.0 mm (n = 4). This range was similar to the size of the UV light spot, consistent with a previous report that Ca 2+ does not spread far from the site of uncaging in Purkinje cell dendrites (Santamaria et al., 2006) . When the brief light pulses were repeatedly applied at 1 Hz, to emulate the trains of synaptic activity traditionally used to induce LTD (Cré pel and Jaillard, 1991; Konnerth et al., 1992; Karachot et al., 1994; Chen and Thompson, 1995) , transient increases in [Ca 2+ ] i occurred in response to each pulse (see Figure 2A and Figure S1A in the Supplemental Data available with this article online). In addition, there was a slow increase in baseline [Ca 2+ ] i that accumulated during the train. The increase in [Ca 2+ ] i remained very localized, spreading only 53% ± 18% (n = 3) more at the fifth pulse than at the first pulse and spreading no further during the remaining 25 pulses in the train, again presumably due to Ca 2+ removal mechanisms. (Berridge, 1993; Finch and Augustine, 1998; Miyata et al., 2000; Wang et al., 2000a ] i faster and to higher levels, particularly during the baseline between pulses (Figure 2A , right). Such elevation of [Ca 2+ ] i produced an LTD-like depression of the amplitude of PF-EPSCs (Figures 2B and 2C) . Similar results were obtained in eight independent experiments, with uncaging Ca 2+ producing on average a 52% ± 4% reduction in PF-EPSC amplitude that developed with a time constant of 6.5 ± 1.1 min.
To determine whether the depression of PF-EPSCs was due directly to Ca 2+ , we repeated the experiments while chelating intracellular Ca 2+ by including BAPTA (20 mM) in the intracellular solution. In the presence of BAPTA, there was no measurable decline in PF-EPSCs for more than 30 min after illuminating three different Purkinje cells with UV light ( Figure 2D , open symbols, 375 mJ total). However, when BAPTA was not added to the intracellular solution, the same illumination paradigm caused PF-EPSCs to be depressed to 46% ± 1% (n = 5) of their initial amplitudes (Figure 2D , filled symbols). This result demonstrates that the depression of PF synaptic transmission is caused by Ca 2+ rather than by UV illumination or by the other by-products of the photolysis reaction, such as free DMNPE-4 cage.
Further experiments, described in the Supplemental Data, establish that the Ca 2+ -induced depression of PF synaptic transmission shares many properties with the LTD that results from pairing PF synaptic activity with Purkinje cell depolarization. First, like the Ca 2+ signals resulting from CF activity, uncaged Ca 2+ can be paired with PF activity to depress PF-EPSCs ( Figure S1 ). Second, the Ca 2+ -induced depression of PF-EPSCs requires clathrindependent internalization of postsynaptic AMPA receptors ( Figure S2A ), as does LTD (Wang and Linden, 2000 Figure S3 ). LTD apparently consists of early and late phases, with the early phase resulting from posttranslational regulation of AMPA receptor trafficking (Wang and Linden, 2000; Matsuda et al., 2000; Chung et al., 2003) and the late phase caused by changes in gene expression (Linden, 1996) . Studies with protein synthesis inhibitors indicate that the early phase develops over a few minutes, while the late phase begins $60 min after inducing LTD in cultured Purkinje cells (Linden, 1996) as well as in cerebellar slices (K.T. and G.J.A., unpublished data). The LTD induced by uncaged Ca 2+ persisted for as long as the recording lasted, with no evidence of recovery even 80-100 min after elevating [Ca 2+ ] i ( Figure 2E ). On average, PF-EPSCs were depressed by 45% ± 5% (n = 3) at 80-100 min after elevating [ (Ross and Werman, 1987; Konnerth et al., 1992; Eilers et al., 1996) . However, photolysis by trains of brief light pulses still produced temporally complex changes in [Ca 2+ ] i (e.g., Figure 2A and twice was insufficient to induce LTD ( Figure S4 ). Thus, there appears to be a sharp threshold level of [Ca 2+ ] i required to induce LTD. By using 1 s duration light pulses to vary [Ca 2+ ] i in 17 different experiments, it was possible to define the quantitative relationship between the peak value of [Ca 2+ ] i and the amount of LTD ( Figure 3C ( Figure 3D ). The relationship shown in Figure 3C could be described by the Hill equation:
where the Hill coefficient (n) was 3.8 ± 1.3, indicating a highly cooperative triggering of LTD by Ca
. The calculated maximal depression of PF-EPSCs (LTD max ) was 37.2% ± 7.9% and the concentration of Ca 2+ required for half-maximal LTD (K Ca ) was 1.8 ± 0.3 mM. 
Dynamic Ca 2+ Requirements for LTD
Induction of LTD depends upon the duration of synaptic activity (Karachot et al., 1994) ] i elevation influences the Ca 2+ requirements for LTD induction. In contrast, the maximal amount of LTD was independent of the duration of [Ca 2+ ] i elevation ( Figure 5C ). The Hill coefficient was also comparable for all durations and was $5 ( Figure 5D ). These results indicate that the Ca 2+ sensitivity of LTD is a dynamic process that depends on how long [Ca 2+ ] i is elevated in the postsynaptic Purkinje cell. The time-dependent increase in the apparent Ca 2+ sensitivity of LTD shown in Figure 5 suggests that the LTD induction mechanism can integrate Ca 2+ signals over time. To evaluate the integrative properties of LTD induction, we examined the relationship between LTD and the time integral of [Ca 2+ ] i for different durations of elevated [Ca 2+ ] i .
These relationships were sigmoidal, saturating at high levels of integrated Ca 2+ ( Figure 6A ). The curves obtained with 0.5 and 1 s duration pulses virtually superimposed, indicating precise integration of Ca 2+ over this time frame.
However, at longer durations the relationships diverged and shifted to the right (red and green points in Figure 6A ). As a result, the half-maximal amount of integrated [Ca 2+ ] i required for LTD (K Ca-integ ; Figure 6B ) increased over time, a time dependence that was opposite that observed for the relationship between LTD and peak [Ca 2+ ] i (Figure 5B) . The maximal amount of LTD and the Hill coefficient remained virtually independent of the duration of [Ca 2+ ] i elevation ( Figures 6C and 6D ). We therefore conclude that the amount of Ca 2+ within the dendrites of Purkinje cells is integrated during LTD, but this integration mechanism is imperfect and becomes less efficient during prolonged elevation of [Ca 2+ ] i . Our results indicate that LTD induction can be considered as a ''leaky integrator'' process, similar to the ''leaky integrate and fire'' concept often used in models of neuronal electrical signaling (Knight, 1972; Fohlmeister et al., 1977) . For the case of Ca 2+ triggering of LTD, such a leaky integrator can be described mathematically as
where t is the time constant of the integration, x is the amount of a downstream signal that transduces Ca
2+
into LTD, and a is a scaling factor representing the efficiency of the integrator in converting Ca 2+ into x. 
where k is the rate of increasing [Ca 2+ ] i , i.e., peak [Ca 2+ ] i divided by the light pulse duration, t. We used this function to fit the dependence of K Ca on light pulse duration; a good fit was obtained (smooth curve in Figure 5B ) when t was 0.56 s and a was 18.7%/mM. With these values, Equation 2 also provided a reasonable description of the dependence of K Ca-integ on light pulse duration (line in Figure 6B ). The ability of Equation 2 to describe the time dependence of K Ca and K Ca-integ indicates that Ca 2+ induction of LTD can be described as a leaky integrator process.
To further test the leaky integrator proposal, we used Equation 2 to transform the relationship between peak [Ca 2+ ] i and amount of LTD ( Figure 5A ). When peak [Ca 2+ ] i at the end of the UV pulse was converted into the corresponding value of x, the curves obtained at all light pulse durations superimposed ( Figure 6E ). This loss of duration dependence indicates that the dynamic properties observed experimentally arise from the leaky integrator behavior, supporting the idea that LTD results from Ca 2+ activating signaling processes that behave as a leaky integrator with a time constant of $0.6 s.
Computational Simulation of Ca 2+ Requirements for LTD To consider the mechanisms underlying the leaky integrator properties of LTD, we employed the computational model of LTD signaling, which was developed by Kuroda et al. (2001) from the signal transduction schemes first described by Bhalla and Iyengar (1999) . Although this model ( Figure 7A ) was not originally designed to simulate the results of experiments that directly manipulated [Ca 2+ ] i , in fact with only four minor modifications (see Supplemental Data) this model reproduced the major features of our experimental data very well. For example, the model predicted the threshold behavior of LTD and also reproduced the experimental observation that the relationship between LTD and peak [Ca 2+ ] i shifts leftward as [Ca 2+ ] i is elevated for longer times ( Figure 7B) . However, the model predicted that LTD was essentially an all-or-none function of [Ca 2+ ] i , abruptly going from nearly no LTD to maximal LTD over a very narrow range ] i . Because such bistable behavior was not observed in our experimental measurements, we next refined the model by taking into account the experimental conditions. In particular, we transformed the model predictions (as described in Supplemental Data) by considering the spatial gradients in [Ca 2+ ] i that occurred during local uncaging (see Figures 1A and 1C ) and the noise associated with experimental measurements of [Ca 2+ ] i and PF-EPSCs. After including these two factors, the model very accurately simulated experimental measurements of the relationship between peak [Ca 2+ ] i and LTD (Figure 7C) . Fits of the Hill equation to the simulation results indicated that K Ca was sensitive to the duration of [Ca 2+ ] i elevation ( Figure 7D ), while the maximum amount of LTD ( Figure 7E ) and the Hill coefficient ( Figure 7F ) were duration independent. In all of these regards, the simulations closely paralleled the experimental measurements shown in Figure 5 . Further, the values of K Ca , maximum amount of LTD, and Hill coefficient determined for the simulation results were very similar to those measured experimentally, as can be seen in Figures 7D-7F Figure 8A ). The K Ca-integ value also increased with longer durations (Figure 8B ), while the maximal amount of LTD and Hill coefficient were duration independent ( Figures 8C and 8D) . The predicted values for K Ca-integ , maximum amount of LTD, and Hill coefficient also were very similar to those measured experimentally (compare colored and gray symbols in Figures 8B-8D ), although the K Ca-integ values for longer durations were slightly smaller than those observed in the experimental measurements. As was the case for the experimental data, the mathematical description of a leaky integrator (Equation 2) could be fit to the simulation data (lines in Figures 7D and 8B) . The best-fitting value of t was 1.52 s, and a was 20.4%/mM, which are in the same range as the values obtained from the experimental measurements. As was the case for the experimental measurements, the influence of duration was greatly reduced when Equation 2 was used to transform the data in Figure 7C by converting peak [Ca 2+ ] i into x ( Figure 8E ). We therefore conclude that the simulation was capable of reproducing many significant features of Ca 2+ triggering of LTD, including threshold behavior, cooperativity, saturation, and leaky integration.
We next used the predictive power of the model to address the origins of these properties of LTD. The main feature of the model is the positive-feedback loop that includes protein kinases and several other signal transduction molecules ( Figure 7A ). To determine whether this positive-feedback mechanism underlies the Ca 2+ -dependent triggering of LTD, we disrupted the feedback loop computationally by preventing activation of protein kinase C (PKC) by arachidonic acid (AA), while leaving unchanged the activity of all other enzymes. The model predicted that the relationships between LTD and both peak [Ca 2+ ] i ( Figure 9A and Figure S8A ) and integrated [Ca 2+ ] i ( Figure 9B ) will change in the absence of the positive-feedback loop.
To Figure 9C ). Disrupting the positive-feedback loop also was predicted to affect the maximum of LTD, which was predicted to vary according to the duration of [Ca 2+ ] i elevation ( Figure 9D ).
This indicates a loss of the all-or-none character of LTD and is also predicted by the model before taking into account the experimental conditions ( Figure S8E ). Further, loss of the loop greatly reduced the Hill coefficient for Ca 2+ triggering of LTD ( Figure 9E ). Fits of Equation 2 to these data (assuming a fixed threshold for LTD even though LTD was no longer predicted to be all-or-none) yielded estimates of 0.32 s for t and 5.0%/mM for a, Thus, loss of the positive-feedback loop reduces the strength of integration (smaller a) and increases leakiness (faster t). In summary, the model predicted that disrupting the positive-feedback loop will affect Ca 2+ induction of LTD, in particular causing a loss of the all-or-none character of LTD, reducing the cooperative triggering of LTD by Ca 2+ , and lowering the effectiveness of the leaky integrator.
To test these predictions, we returned to experimental measurements and asked whether disruption of the proposed positive-feedback loop affects the Ca 2+ dependence of LTD induction. For this purpose, we treated slices with OBAA, a potent and selective inhibitor of phospholipase A2 (PLA2; Kö hler et al., 1992; Bastianetto et al., 2000) that prevents LTD induction in response to synaptic activity (Reynolds and Hartell, 2001 Figure S8F ). Even when peak [Ca 2+ ] i was high (3-4 mM), the magnitude of LTD was only half of the maximum value of LTD observed in the absence of OBAA. With 30 s light pulses, high [Ca 2+ ] i (2-3 mM) produced LTD that was similar in magnitude to what was observed in control conditions ( Figures 9F and 9G and Figure S8F ). Analysis of these relationships indicated that application of OBAA somewhat increased the K Ca-integ value at 30 s ( Figure 9H ) and greatly reduced the Hill coefficient for both durations ( Figure 9J ). Further, OBAA significantly (p < 0.05) reduced the maximum amount of LTD elicited by elevating [Ca 2+ ] i for 1 s but not for 30 s ( Figure 9I ). In all these regards, the experimental data closely resembled the predictions of the computational model. The close correspondence between computational and experimental results suggests that the steep, cooperative triggering of LTD by Ca 2+ -attributed to a leaky integrator-arises, at least in part, from the positive-feedback mechanism incorporated into the model. (Sakurai, 1990; Shibuki and Okada, 1992) and BAPTA (Konnerth et al., 1992) blocks LTD and that stimuli which induce LTD also elevate [Ca 2+ ] i in Purkinje cells (Konnerth et al., 1992) . Moreover, several treatments that elevate postsynaptic [Ca 2+ ] i -such as depolarization (Linden et al., 1991; Cré pel and Jaillard, 1991; Konnerth et al., 1992) , strong PF activity (Hartell, 1996 ; Eilers (Figures 6B-6D ] i was not determined in these studies, we presume that [Ca 2+ ] i was below the threshold for inducing LTD in these experiments. The presence of a threshold can also explain why CF activity alone is insufficient to induce LTD (Ito and Kano, 1982; Chen and Thompson, 1995) : activation of CF synapses elevates [Ca 2+ ] i by a few hundred nM for $0.5 s (Konnerth et al., 1992; Eilers et al., 1995; Wang et al., 2000a) , which is below the threshold for inducing LTD during such brief rises in [Ca 2+ ] i ( Figure 5A ). During trains of brief pulses of light, we often observed a sustained rise in basal [Ca 2+ ] i ( Figure 2A and Figure S1A ). ] i responses shown in Figure 2A , only the right response, which also had a sustained rise in [Ca 2+ ] i , was capable of inducing LTD ( Figures 2B and 2C ). Such behavior emerges from the leaky integrator property of LTD, which makes LTD more sensitive to prolonged elevation of [Ca 2+ ] i ( Figure 5A ). The leaky integrator property of LTD may also account for the observation that LTD induction requires prolonged trains of paired PF and CF activity (Karachot et al., 1994) . Pairing of single PF and CF stimuli induces only transient [Ca 2+ ] i increases, lasting for $0.2 s (Wang et al., 2000a; Doi et al., 2005; Hernjak et al., 2005) . Because such responses cannot induce LTD, it is likely that only repeated pairing of PF and CF activity causes a sustained increase in [Ca 2+ ] i that can be integrated to cause LTD. Paradoxically, it has been reported that prolonging the duration of paired synaptic activity, from 300 to 500 s, causes a reduction in LTD expression (Karachot et al., 1994) . Such behavior could be explained by the leakiness of the integrator, which causes the effectiveness of Ca 2+ to decline over time. It has been proposed that cerebellar LTD results from a local, suprathreshold Ca 2+ signal produced when IP3 receptors are synergistically activated by subthreshold IP3 signals, produced by active PFs, and subthreshold Ca 2+ signals produced by CF activity (Berridge, 1993; Finch and Augustine, 1998; Miyata et al., 2000; Wang et al., 2000a; Doi et al., 2005; Hernjak et al., 2005) . Two of our results provide additional support for this model. First, we found that LTD was induced by pairing a subthreshold amount of [Ca 2+ ] i with PF stimulation ( Figure S1 ). Second, we found that a rise in [Ca 2+ ] i alone is sufficient to cause LTD as long as [Ca 2+ ] i exceeds a threshold. Thus, our results are consistent with the idea that IP3 receptors serve as a coincidence detector for LTD. ] i levels. While we could confirm that micromolar amounts of postsynaptic Ca 2+ could induce LTD, in fact we did not observe LTP in response to elevation of [Ca 2+ ] i to lower levels (e.g., Figures 3C and 5A ).
DISCUSSION
This discrepancy could arise because LTP requires not only an increase in [Ca 2+ ] i but also another signal that is produced by synaptic activity, such as NO (Lev-Ram et al., 2002; Namiki et al., 2005) . Our observation that elevating [Ca 2+ ] i in Purkinje cells to $0.9 mM for 30 s yielded LTD ( Figure 5A ) is in line with a report that elevating [Ca 2+ ] i in hippocampal CA1 pyramidal cells to $0.8 mM for 60 s caused LTD (Yang et al., 1999) . Thus, in terms of the BCM rule, cerebellar LTD can be triggered by the same ''low'' Ca 2+ signal that produces hippocampal LTD. This similarity is remarkable, given that these two forms of LTD are known to differ substantially in their signal transduction mechanisms (Malenka and Bear, 2004 ). These differences in mechanism could explain why hippocampal LTD apparently does not exhibit a well-defined [Ca 2+ ] i threshold (Neveu and Zucker, 1996) . Differences in signal transduction mechanisms presumably also account for our observation that cerebellar LTD could also be induced by relatively large and brief rises in [Ca 2+ ] i (e.g., $5 mM for 0.5 s), even though brief elevation of [Ca 2+ ] i in hippocampal neurons, to levels on the order of 10 mM, induces LTP rather than LTD (Yang et al., 1999) .
Because we uncaged Ca 2+ in highly localized (5-10 mm diameter) regions of distal dendrites of Purkinje cells, our results provide information about the spatial range of signaling during LTD. First, we found that the late phase of LTD can be elicited by local elevation of [Ca 2+ ] i in dendrites ( Figure 2E ). Given that the late phase of LTD apparently requires changes in nuclear gene expression (Linden, 1996) , this suggests that localized rises in dendritic [Ca 2+ ] i are capable of producing other, mobile signal (s) that can reach the nucleus to regulate gene expression.
The nature of such dendrite-to-nucleus signaling is not yet clear (Deisseroth et al., 1998) . Second, while the early component of LTD is known to spread $50 mm from active PF synapses to inactive ones (Wang et al., 2000b; Reynolds and Hartell, 2000) , we found that Ca
2+
-induced LTD does not spread beyond the site of Ca 2+ uncaging ( Figure S3 ). CF activity and/or depolarization elevate [Ca 2+ ] i throughout the Purkinje cell (Ross and Werman, 1987; Konnerth et al., 1992; Miyakawa et al., 1992) . This subthreshold rise in Ca 2+ can be viewed as being permissive for the spread of early LTD, although some other signal produced by PF activity-such as NO (Reynolds and Hartell, 2001; Ogasawara et al., 2007) or glutamate (Marcaggi et al., 2003 )-must mediate and spatially limit the spread of LTD (Hartell, 2002) .
The relationships between postsynaptic [Ca 2+ ] i and LTD induction (Figures 5A and 6A) were sigmoidal with Hill coefficients of $5, indicating that LTD is cooperatively triggered by Ca 2+ . Our computational model was capable of producing very similar values of Hill coefficient, suggesting that the signaling reactions included in the model are responsible for the cooperative behavior. The model predicted that the Hill coefficient should be reduced by loss of the positive-feedback loop ( Figure 9E ), and this was observed experimentally when we disrupted the loop (Figure 9J) . These results indicate that the loop is involved in the cooperative triggering of LTD and are consistent with previous proposals that such positive-feedback mechanisms are a source of biochemical cooperativity (Ferrell and Machleder, 1998) . In the absence of the positive-feedback loop, the Hill coefficient was still $2. This residual cooperativity may arise from direct activation of PKC; this enzyme is known to be cooperatively activated by 2 Ca 2+ (Sutton and Sprang, 1998; Verdaguer et al., 1999) .
Thus, it appears that the highly cooperative triggering of LTD by Ca 2+ arises from the concerted actions of Ca 2+ on the positive-feedback loop and on PKC directly.
All-or-None Behavior of LTD
The sigmoidal Ca 2+ dependence of LTD confers threshold behavior, in the sense that small rises in [Ca 2+ ] i are insufficient to trigger LTD. Our computational model predicted such behavior and, in fact, predicted even more extreme, bistable behavior at the level of individual synapses ( Figure 7B) . Thus, the model predicts that LTD has allor-none properties, as has been proposed for hippocampal LTP (Petersen et al., 1998) . Our analysis indicated that spatial nonuniformities in [Ca 2+ ] i and noise largely blurs this behavior, so that LTD appeared to be a graded function of [Ca 2+ ] i in our experimental measurements. Experimental analysis of LTD at the level of individual synapses (Casado et al., 2002) will be required to evaluate allor-none behavior critically. However, all-or-none behavior was evident in our experimental observation that the max- Figure 9D ). This prediction was confirmed by our experimental measurements in the presence of a PLA2 inhibitor ( Figure 9I ), providing further support for the idea that LTD is an all-or-none process and that this is due to the positive-feedback loop.
Dynamic Ca 2+ Triggering of LTD by a Leaky Integrator
We have discovered that the amount of [Ca 2+ ] i required to initiate LTD is a time-dependent variable. To our knowledge, such behavior has not been described previously for cerebellar LTD, even though a dynamic threshold is a central tenet of the BCM theory of cortical plasticity (Bienenstock et al., 1982) and has been proposed as a requirement for encoding the history of synaptic activity (Bear, 1995) . Mathematically, the dynamics of Ca 2+ triggering of LTD could be described as a leaky integrator with a time constant of $0.6 s. We view LTD in the same way that neuronal electrical signaling is described as a ''leaky integrate and fire'' mechanism, with the ''firing'' being an all-or-none activation of the signal transduction network that yields LTD.
Although our computational model of LTD signaling consists of a single chemical compartment, the model was able to reproduce the leaky integrator behavior accurately ( Figures 7D and 8B) . Further, integration was greatly reduced in the absence of the positive-feedback loop (Figures S8B and S8G) , demonstrating that this loop is part of the integration mechanism. Integration was still present at a low level in the absence of this loop, indicating that integration does not depend entirely upon the loop. A simple hypothesis is that integration arises both from the kinetics of direct activation of PKC by Ca 2+ (Oancea and Meyer, 1998) , as well as from the ability of the positive-feedback loop to prolong activation of PKC (Kuroda et al., 2001 ). The ''leakiness'' indicates the presence of reactions that oppose Ca 2+ triggering of LTD. Loss of the positive-feedback loop amplified the leakiness ( Figures 9C and 9H ), indicating that this loop counteracts the leakiness. Leakiness could arise from a phosphatase reversing the effect of PKC (Shenolikar, 1986) . One specific candidate for the leak is protein phosphatase 2A, which is constitutively active in Purkinje cells and limits LTD induction (Launey et al., 2004) . The key feature of our computational model, as first proposed by Kuroda et al. (2001) , is the positive-feedback signal transduction loop (Bhalla and Iyengar, 1999) . This model is consistent with previous demonstrations that LTD requires several enzymes proposed to participate in the loop, such as PKC, MAP kinase, and PLA2 (Ito, 2001) . The concordance between our experiments and the emergent predictions of this model provides an experimental indication that the positive-feedback loop is important for LTD; several more experimental tests in progress provide stronger support for this model (K.T. and G.J. A., 2006, Soc. Neurosci., abstract 
EXPERIMENTAL PROCEDURES
Patch-Clamp Recordings
Whole-cell patch-clamp recordings were made from Purkinje cells as described previously (Miyata et al., 2000; Wang et al., 2000b) . Sagittal slices (200-250 mm thick) were prepared from cerebella of 14-to 21-day-old rats or mice. Consistent with a previous study (Miyata et al., 2000) , Morgan et al., 2000) were included in the intracellular solution. EPSCs were evoked in Purkinje cells (clamped at -60 mV) by activating parallel fibers with a glass stimulating electrode (5-10 mm tip diameter) filled with extracellular solution and placed on the surface of the molecular layer. Details of our procedures for stimulating parallel fibers can be found in Wang et al. (2000b) . PFEPSCs were acquired and analyzed using LTP software (W.W. Anderson, University of Bristol, UK) (Anderson and Collingridge, 2001 ). Data were accepted if series resistance changed less than 20%, input resistance was between 100 to 150 MU, holding current changed less than 5%, and [Ca 2+ ] i returned to baseline following photolysis of caged Ca
2+
. Statistical comparisons between experimental groups were performed with the Student's t test ( Figure S2A ) or a Z test ( Figure 9I ). LTD was calculated as the change in PF-EPSC amplitude averaged over 10 min period $40 min after [Ca 2+ ] i elevation, or in the last 10 min in cases where the recording did not last for 40 min.
Optical Techniques
Procedures described previously (Miyata et al., 2000) were used to examine the response of Purkinje cells to uncaged Ca 2+ . In brief, cells were dialyzed with a solution containing a fluorescent indicator and DMNPE-4, and the set-up described in Wang and Augustine (1995) was used to uncage Ca 2+ . UV light (351-364 nm) from an argon ion laser (Coherent model 305) was delivered to the slice, via an optical fiber and an Olympus 403 water-immersion objective, to make a light spot with a half-width of 5-10 mm that was focused on the primary or secondary dendrites of a Purkinje cell. The duration of UV exposure was controlled by an electronic shutter. When UV light pulses of 1 s or longer in duration were delivered, neutral density filters were used to reduce light intensity by 90%. UV energy was measured at the optical plane, so that reported values reflect the amount of light delivered to the slice. Oregon Green fluorescence was imaged using a high-speed confocal microscope (Noran Odyssey XL), and [Ca 2+ ] i values were calculated from the ratio of increased fluorescence to basal fluorescence (R = DF/F 0 ) using the following equation (Swandulla et al., 1991 . In experiments with long light pulses (0.5-30 s), some bleaching occurred (e.g., Figure 3A ) and was corrected for by separately measuring the rate of bleaching of Oregon Green 488 BAPTA-6F in acrylamide gel. Because [Ca 2+ ] i increased in a ramp-like manner during the time that Ca 2+ was elevated ( Figures 3A and 4) , the integrated amount of Ca 2+ was calculated by multiplying peak [Ca 2+ ] i by pulse duration and then dividing by 2. Statistical analysis was performed using Origin 7.0 (Microcal). Averaged data are presented as mean ± SEM.
Computational Simulation
To simulate the relationship between Ca 2+ and LTD, we used the mathematical model of signal transduction pathways for cerebellar LTD described by Kuroda et al. (2001) . A detailed description of our implementation of this model is described in the Supplemental Data ( Figure S6 ).
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/54/5/787/DC1/.
